Two Molecular Dynamics simulations have been performed where a Pt(100) surface is covered with three layers of water molecules and a lithium or an iodide ion is placed additionally in the boundary layer. The flexible BJH model of water is employed in the simulations and the ion-water, platinum-water and platinum-ion potentials are derived from molecular orbital calculations. The simulations extended over 7.5 ps at an average temperature of 298 K. The effect of the Pt(100) surface on the ionic hydration is demonstrated by the comparison of the radial distribution func tions, the orientation of the water molecules and their geometrical arrangement in the first hydration shells of the ions in the boundary layer with those in a 2.2 molal bulk Lil solution.
I. Introduction
The first simulation of an aqueous electrolyte solu tion at an interface was reported several years ago. Spohr and Heinzinger calculated various structural and dynamical properties of a 2.2 molal Lil solution be tween Lennard-Jones walls from a Molecular Dynam ics (MD) simulation [1] , In the meantime the investi gations of pure water near non-polar walls by com puter simulations (see e.g. [2] ) have been extended to water/metal interface. The description of the metal character of the walls by the image charge model had led to contradictions with experimental data and molecular orbital calculations [3] . For successful sim ulations of water at a Pt(100) [4] [5] [6] and a P t(lll) [7] surface it was necessary to introduce platinum-water potentials derived from molecular orbital calcula tions. In addition, it proved to be useful to employ the flexible BJH model of water [8] which had led to good agreement with experimental data as far as bulk elec trolyte solutions were concerned [9] , Very recently also simulations were performed for water near charged Pt(100) surfaces [10] .
On the basis of this experience it was now possible to extend the simulations to metal/electrolyte solution interfaces. In this paper two MD simulations are re ported where a Pt(100) surface is covered by three layers of water molecules with either a lithium or an iodide ion additionally in the boundary layer. The platinum ion potentials have been derived from ab Reprint requests to Dr. K. Heinzinger. Max-Planck-Institut für Chemie, Saarstr. 23, W-6500 Mainz, Germany. initio molecular orbital calculations [11] . The struc ture of the electrolyte solution in the boundary layer is described on the basis of density profiles, pair corre lation functions and the orientation of the water molecules and their geometrical arrangement in the hydration shells of the ions. In addition, various energetic data are presented. The effect of the Pt sur face on all these properties is evaluated by comparison with results from a newly performed simulation of a 2.2 molal bulk Lil solution.
II. Description of the Simulations a) Interaction Potentials
The water-water interactions are described by a modified central force potential (BJH model) [8] which has proved its usefulness in simulations of various aqueous systems [9] . The platinum-platinum inter actions are modeled by a harmonic nearest-neighbour potential [12] in order to enable the coupling between motions of the electrolyte solution and the lattice.
The interactions between water and the platinum (100) surface are described by a potential proposed by Spohr [4] , based on extended Hückel molecular orbital calculations [13] . This potential leads to a preferred adsorption of the oxygen atom on top of a platinum atom with a lowest energy minimum of -37.5 kJ/ mol. The platinum-Li+ and platinum-I~ potentials are derived from molecular orbital calculations of one ion and a platinum cluster consisting of nine and five atoms, respectively. The potential energies of an Li + and I -in the field of the infinitely extended platinum 0932-0784 / 91 / 09 00-1 000 $ 01.30/0. -Please order a reprint rather than making your own copy. Fig. 1 . Energies of Li+ and I" in the field of an infinite Pt(100) a way that the potential has its minimum value. The dipole crystal, for ion positions on top of a platinum atom (-----), on a bridge site (-----) and on a hollow site (-----) [11] , moment vector of the water molecule points away from the surface [4, 11] , crystal are shown in Fig. 1 as a function of surface-ion distance for the three cases where the ion is positioned on top of a platinum atom, on a bridge site (saddle site) and on a hollow site. The lowest minima amount to -265 and -319 kJ/mol for Li+ and I -, respec tively, and are found for a hollow site configuration [11] . In Fig. 2 the potential energy of an iodide ion and a water molecule (with the dipole moment pointing away from the surface) in the field of an infinitely extended platinum crystal is presented as a function of the x-and y-coordinates of Figure 4 a. The ion-surface and oxygen-surface distance z of Fig. 4 b is chosen such that for each point (x, y) the potential has its minimum. The figure demonstrates clearly that the interactions employed in the simulation lead to a sur face potential corrugation with deep minima in both cases [4, 11] , For further details of these potentials the reader is referred to the original publications cited.
Because of the high permittivity of the metal all charged particles in the liquid phase lead to induced charges in the platinum which will interact with all other charged particles in the solution. These manybody or surface-mediated interactions are described in the simulations by the image charge model and treated with the shifted force potential method [14] .
A detailed investigation showed that these manybody interactions are only significant for very close distances between two ions and between an ion and a water molecule. As they are negligible for water-water interactions these many-body interactions have been neglected in the previous simulations of water/metal interfaces.
To certify consistency in the potentials, new ab initio calculations were performed also for the ion-water interactions. The following analytical function was fitted to the energy points:
The parameters are given in Table 1 . Figure 3 shows the Li+ -water and I "-water pair potentials as func tions of the ion-oxygen distance for the water mole cule orientations as shown in the insertion. The centers of the platinum atoms in the (100) face of the fee platinum crystal lie in the (xy)-plane at z -0. This plane is called the surface. In the range -11.76 < z < 0 seven layers are located, the seventh one being immobilized. The liquid phase reaches up to z = 13.24 Ä, where a repulsive potential prevents an evaporation of the water molecules. Its position was choosen such that the density in the middle of the water phase was about 1 g/cm3. Along the x-and y-directions periodic boundary conditions are intro duced with a periodicity of Lx. This implies that the periodic platinum layers contain 50 atoms each, and the periodic upper rectangular prism contains 150 water molecules and one ion, Li+ or I So the system can be regarded as an infinitely extended slab with a thickness of 25 Ä. Figure 4 shows two projections of the basic box.
In order to investigate the behaviour of ions near the platinum surface, one simulation was performed for each ion. The simulations were started with the ion positioned at about 2.5 Ä distance from the surface. It remained in the boundary layer of water (1.5 Ä <z <4.2 Ä) over the whole simulation time, which ex tended -after an equilibrium period of 2.5 ps -over 30 000 time steps of 0.25 fs without rescaling. The average temperature was 298 K in both simulations. For the calculation of the Coulombic forces the twodimensional Ewald summation was used [15] , while the short-range interactions were treated with the shifted force method using a cutoff distance of Lx/2.
In order to elaborate the effect of the surface on the hydration of the ions, also a bulk simulation was per formed introducing the new water-ion potentials. The basic periodic cube contained 200 water molecules and 8 ions of each kind, equivalent to a 2.2 molal Lil solution. The sidelength of the cube was 18.68 Ä. The simulation extended over 15 000 time steps after equi libration without rescaling at an average temperature of 310 K.
III. Results and Discussions a) Density Profiles
The normalized density profiles for the two ions, the oxygen and the hydrogen atoms as calculated from the two simulations are depicted in Figure 5 . The positions and the heights in the O-and H-profiles are not significantly different from those for pure water at the Pt(100) surface [4] , The oxygen peak in the lithium simulation is slightly enhanced while in the iodide simulation this peak is reduced because of the excluded volume effect of the iodide. The ion profiles show that over the whole simulation time of 7.5 ps neither of the ions leaves the boundary layer.
The I" profile extends only over the very narrow distance range 1.8 < z< 2.4 Ä. Its maximum at 2.0 Ä coincides with the potential minimum for a position (100) face.
of the iodide ion opposite of a hollow site of the Pt(100) surface ( Figure 1 ). Therefore, the I" can be called "contact adsorbed" on the Pt(100) surface, al though the platinum crystal-iodide ion interaction energy is slightly less negative than the lowest poten tial minimum because the I~-0 first neighbour dis tance prevents the I -from occupying an exact hollow site position. The density profile of Li+ is quite different from that of I". In spite of the smaller size of the lithium ion the range of distances from the surface 2.0 <z <3.2 Ä is almost completely beyond that for the io dide ion and is much broader. The maxima of the O-and H-atom profiles coincide with that of Li+ at 2.5 A. It can be seen from Fig. 1 that at this distance the potential energy of Li+ is independent of its posi tion relative to the platinum atoms of the surface layer. It does not see a surface potential corrugation anymore. Very different from I -, it is obvious that both the distance range of Li+ from the surface and its position relative to the surface platinum atoms is determined by the Li+-water and not by the Li+-P t crystal interactions. Therefore, it is justified to say that the Li+ is "not contact adsorbed".
The reason for the different behaviour of the two ions can be seen from Figure 3 . The ion-water inter action energy is three times larger for Li+ than I~. The minimum in FLiW (r) appears slightly below 2 A. This distance means that from an energetical point of view the Li+ fits nicely into a hollow site of the quadratic water overlayer. Therefore, the first neigh bour shell of Li+ remains almost undisturbed -as far as the four water molecules in the boundary layer are concerned -which is not the case for I -(see below).
b) Pair Correlation Functions
The radial pair distribution functions (RDFs) near the surface depend on z and converge for z->oo to wards those in the bulk. By taking averages of the RDFs over the z-ranges in which Li+ and I~ moved during the simulations (see Fig. 5 ) we got RDFs of L i-O and L i-H for <zLi> = 2.4Ä and of I -O and I-H for <Zj> = 2.0 Ä. To take account of the excluded volume near the surface, the O-and H-densities around the ion were not related to a complete spher ical volume but to a volume excluding the volume for which z< 1.65 Ä. The running integration numbers are based on uncorrected RDFs in order to provide the correct number of neighbours. Figure 6 shows the L i-O and Li-H RDFs for <zLi> = 2.4 Ä and for the bulk of a 2.2 molal Lil solu tion. The first and second peaks in öfLi0('") and gLm{r) are significantly more pronounced in the boundary layer and a far ranging order exists, which extends even beyond 9 Ä. In the bulk solution both RDFs become uniform already beyond about 5 Ä. Different from the Li-water RDFs the first peaks in glo{r) and gm(r) are slightly less pronounced but the far ranging order remains, as can be seen from Figure 7 .
The reason for this enhancement of the hydration shell structure of Li+ and the slight decrease for in the surface layer results from the formation of a pro nounced quadratic water overlap with a lattice con stant of the Pt(100) surface of 2.77 Ä.
In Fig. 8 the origin (dx = 0, dy = 0) coincides with the changing position of an O, a Li+ or a I -particle in the surface layer (z<4.2 Ä), and |d x | and |dy| are the absolute values of the projection of the distances of O-atoms in the surface layer from these reference particles. Both the reference particle and the O-atoms referred to move with respect to the Pt-lattice, and the shape of the peaks results from both movements.
The plot of gOQ reflects the positions of the oxygen atoms on the top site of the platinum lattice, and the pregnant form of the peaks refers to their relatively small displacement. The sharper peaks for gLiQ show that the displacements of Li+ at its hollow site are smaller than those of O at its top, and the significantly broader ones for glo than for gQO show that the dis placements of r are much larger than those of O. Indeed the I -moves in a relatively widespreaded area between a hollow and a bridge site.
In Fig. 9 the trajectories of Li+ (a) and I -(b) are drawn and the x-and y-coordinates of the oxygen atoms of the water molecules with z<4.2Ä are marked by a dot after every 0.05 ps. The positions of those Pt atoms are not covered by oxygen atoms are indicated by crosses. Over the whole simulation time of 7.5 ps the Li + remains very near to the hollow site of the Pt(100) surface at x, y = 1 (Figure 9 a) . In accordance with Fig. 8 the distributions of the neighbouring oxygen atoms above their respective Pt atoms is very narrow. There is one surface Pt atom (x = -3; y = -5) with no oxygen atom in its neighbourhood. Only one oxygen atom seems to move in this this time period to another Pt atom.
The larger I~ moves during the 7.5 ps in the area -4.0< x< -2.5 and 0 < x < -2 .5 and 0<y<1.0Ä . It cannot occupy a hollow site as the first neighbour I~-0 distance is about 3.4 Ä. In accordance with the energy curves in Fig. 1 it prefers positions between a hollow site and a bridge site, where iodide-water and platinum-water binding energy is gained by only a small loss of the iodide-platinum one relative to the hollow site position. Necessarily, two of the four 
c) Hydration Shell Symmetries
Besides the ion-oxygen and ion-hydrogen RDFs, in Figs. 6 and 7 the corresponding running integration numbers are presented which are defined by r nij(r) = 4nQ0 j giJ(r') r'2 d r ', in the boundary layer and in the bulk solution. The corresponding running integration numbers for cos 5 are shown additionally.
The distribution of cos 1) for Li+ demonstrates clearly a strong preference for an octahedral symme try in both cases. P(cos ,9) is narrower around 0 and -1 for the boundary layer in accordance with the sharper first peaks in the Li-O RDF (Fig. 6 ) and the well-defined nearest neighbour oxygen atom positions of Li+ in the quadratic water overlayer (Figs. 8 and 9 ). The hydration number of Li+ is reduced by about one in the boundary layer. As the octahedral plane of the hydration shell of Li+ parallel to the surface is fully occupied, the excluded volume of the surface is re sponsible for the missing water molecule. The fifth water molecule belongs to the second water layer and is placed on top of the ion. In this way the ratio of the number of oxygen atom neighbours in the first hydra tion shell with 9 = 90° to those with 3=180=. which is 4 in the bulk solution, remains the same in the boundary layer.
It can also be seen from Fig. 10 that neither in the bulk nor in the boundary layer a symmetry is recognizeable for the hydration shells of I -. P(cos <9) is practically uniform over he whole range except for the excluded volume effect for cos & > 0.8 which results from the finite size of the water molecules. As the I ~ is contact adsorbed the excluded volume effect of the Pt surface amounts to almost one half and is respon sible for the reduction of the hydration number of Ifrom 9.2 in the bulk solution to 5.1 in the boundary layer.
d) Orientation of the Water Molecules
The orientations of the water molecules in the first hydration shells of Li+ and I~ are described by the distribution of cos 0 , where 0 is defined as the angle between the dipole moment direction of the water molecule and the vector pointing from the oxygen atom towards the center of the ion. The distributions for Li+ and I -in the boundary layer are compared in Fig. 11 with those for the bulk Lil solution. P(cos 0) for Li+ shows in both curves a strong preference for a anti-dipole moment orientation. The distribution is narrower for the boundary layer in accordance with the significantly more pronounced first hydration shell as discussed above.
The most significant difference between the newly performed simulation of the 2.2 molal Lil solution with the BJH model for water and the former one, where the ST 2 model for water was employed [16] , exists for P(cos 0) for Li + . From the former simula tion the maximum of the distribution was found for cos 0 ^ 0.6, which means that a lone pair orbital of the water molecule is directed towards the Li + . The new results are expected to be much more reliable than the former ones as in the ST 2 model the directionality of the lone pair orbitals seems to be exaggerated by the negative point charges.
Both distributions of cos 0 for are very broad. The positions of the maxima indicate a preference for an angle 0 between a linear hydrogen bond formation (which was found for the chloride ion from simula tions of various alkaline earth chloride solutions [17] ) and an orientation where the dipole moment vector of the water molecule is directed towards I~. The shift of the maximum in P(cos 0) in the boundary layer means a decrease of 10° relative to the preferential cos (6) Fig. 11 . Distribution of cos 0 -where 0 is defined in the insertion -for the water molecules in the first hydration shells of Li+ and 1~ calculated from the simulations with the ion in the boundary layer (full) and in a 2.2 molal bulk Lil solution (dashed).
value of 0 in the bulk solution. The quadratic water overlayer which still exists even in the neighbourhood of I~ (Fig. 9 b) , is responsible for this shift.
The average value of cos 0 as a function of ionoxygen distance is depicted in Fig. 12 for Li+ and Iin the boundary layer and in the bulk Lil solution. In order to demonstrate more clearly the effect of the hydrogen bonding in the quadratic water overlayer on <cos0(r)>, only the water molecules in the surface layer (z < 4.2 Ä) are included in the averaging proce dure.
In accordance with Fig. 11 in both cases <cos 0(r)> ~ -1 over the whole range of the first hydration shell of Li + . There is also agreement between boundary layer and bulk solution for the second neighbour shell. As in the surface layer the L i-O distance distribution is not continuous, different from the bulk case the <cos 0(r)> curve is discontinued between the first and second shell. While beyond the second shell the aver age value of cos 0 in the bulk solution decreases rapidly to values near zero, <cos 0 (r)> changes sign in subsequent distance ranges of the surface layer. The rather large absolute values of <cos 0(r)> in the differ ent distance ranges indicate strong correlations be tween distance and orientation in the boundary layer. It is obvious from Fig. 11 that for distances beyond 5 Ä the orientation of the water molecules is mainly determined by the structure of the water overlayer.
The broad distributions of cos 0 for the first hydra tion shells of I " in Fig. 11 values of about 0.7 in both cases. The rapid decrease of the preferential orientation with distance even for the boundary layer is a consequence of the larger area covered by the I ~ trajectory and the broader distribu tions of the oxygen atom positions around the plati num atoms of the (100) surface when compared with the Li+ case ( Figure 9 ).
e) Average Potential Energies and Pair Interaction Energy Distributions
The average potential energies of the water mole cules in the fields of the Li+ and the I -as a function of ion-oxygen distance are presented in Fig. 13 for the ions in the bulk solution and in the boundary layer. In the latter case again only the water molecules in the surface layer (z <4.2 Ä) are included in the averaging in order to clarify the effect of the wall. The positions and the depth of the first minima coincide with those of the ion-water pair potentials for the most favour able orientations.
For both ions the average potential energies reflect the orientational behaviour of the water molecules. For Li+ negative values of <cos 0(r)> correspond to negative average potential energies and vice versa. It is the other way around in the case of I -. For a given orientation the absolute value of the energy decreases with 1/r2 for distances beyond about 4 Ä.
The normalized ion-water pair interaction energy distributions are presented in Fig. 14 for Li+ and I~ in the bulk solution and in the boundary layer. In the latter case again only the water molecules in the sur face layer (z<4.2 Ä) are included in the distribution.
The first and second hydration shell of Li+ can be recognized in Fig. 14 also from an energetical point of view for the bulk solution and the boundary layer. The peak on the positive energy side at about 18 kJ/mol is found only in the boundary layer. It reflects the posi tive energies in FLiW(r) in the range between 5 and 6 Ä ( The hydration shell of I~, which is reflected energet ically by a single peak in the bulk solution, shows two maxima for the boundary layer. This splitting of the peak follows from the size of the I -which prevents that more than two neighbouring Pt atoms of the (100) surface are covered by oxygen atoms as dis cussed above (Figure 9 ). Thus considering only the surface layer the first neighbour shell of I ~ consists of two parts with only two water molecules as first neighbours. This geometrical picture is reflected here energetically. On the positive energy side the shoulders reflect again energetically unfavourable orientations of the water molecules relative to the I (Figs. 12  and 13 ).
V. Summary
For the hydration shell of the lithium ion in the boundary layer a well defined octahedral structure is found slightly more pronounced than that in the bulk solution but with the exception that one water mole cule of the octahedron is replaced by the platinum wall. As the Li+-water interactions prevail, the ion is kept within the first water layer, which means far away from the Li+-P t crystal potential minimum. There fore, the lithium ion should not be called contact ad sorbed, although there is no water molecule between the ion and the platinum surface.
In contrast to Li+ the size of the I" leads to a competition between the tendency of the water mole cules to preserve the quadratic overlayer and that of the I -to occupy a hollow site position. The hydration shell structure in the surface layer resulting from this competition is such that the iodide ion occupies a position between a hollow and a bridge site of the Pt(100) surface and all platinum atoms except the two nearest to the I -are covered by the oxygen atoms of the water molecules. In this way the ion can approach the surface up to the distance where it reaches almost the lowest I " -P t crystal potential energy. Therefore, the iodide ion can be called contact adsorbed.
In this paper for the first time MD simulations are reported on the complicated system consisting of a metal wall, water molecules and ions. The consistency of the results seems to prove the feasibility of such simulations and the ability to provide -at least qual itative -information on a molecular level which is up to date neither available from experiments nor from analytical theory. Although there are undoubtedly ample changes to improve the potentials employed and various details of the simulation, the experience collected in this investigation encourages the exten sion of this kind of simulations.
